Keywords: stress fibers/renal tubule/actin/con focal laser microscopy/immunofluorescence microscopy ABSTRACT. Actin bundles in proximal tubules of the rat kidney were examined by immunofluorescence and con focal laser microscopy with special reference to their three-dimensional distribution and identification as stress fibers. Renal tubular segments were prepared from the fresh renal cortex by simple homogenization and centrifugation, and fixed in formaldehyde for staining with fluorescent dye-labeled phalloidin. Segments of the proximal tubules could be identified easily on the bases of their diameter, the height of epithelial cells and prominent brush borders. Con focal laser microscopy clearly demonstrated the overall distribution of actin bundles in the whole-mount proximal tubular segments. Actin bundles in the basal cytoplasm of epithelial cells were observed to run parallel to each other and at a right angle to the tubular axis. In the stereo views reconstructed from serial optical sections, the basal actin bundles appeared as straight rods with both ends tapered. They varied in length and width and extended rather short distances of not more than 10 /an. Often, two or more actin bundles were longitudinally aligned in tandem. Some bundles showed irregular bandings along their length. Each bundle was composed of tightly packed actin filaments which could be decorated with heavy meromyosin subfragment-1 to display a bi-directional arrangement within the bundle. Immunostaining of cryostat sections showed that actin bundles contained myosin and vinculin. Enzymatically isolated proximal tubules contracted upon addition of Mg-ATP.These observations collectively suggest that the actin bundles at the base of renal promixal tubule epithelial cells can be listed among the examples of stress fibers in situ.
shownthat they are bundles of micro filaments anchored to the cell membraneat both ends. Treatment with heavy meromyosin or its sub fragment-1 (S-l) has demonstrated that these bundles consist of bi-directional arrays of actin filaments. Immunostaining indicated that stress fibers are associated with various proteins related to contraction and cell adhesion including myosin (5, 28) , tropomyosin (14) , a-actinin (15) , filamin (27) , and vinculin (7) . Thus stress fibers can be defined as distinct bundles of actin filaments (a) arranged in bi-directional polarity, (b) firmly anchored to the plasmalemma, and (c) associated with some other contractionand adhesion-related proteins (9) . Based on this definition, the occurrence of stress fibers has been well documented not only in cultured cells, but also in situ in scleroblasts of fish scales (2) , endothelial cells of blood In epithelial cells of the renal tubule, especially in proximal tubules, there are prominent bundles of actin filaments in the basal cytoplasm. The bundles run along the outermost ridges of the basal infoldings, anchoring on the inner sides of the basal plasmalemmavia dense materials. These structures have been studied by electron (17, 20, 23, 24) or light (8) microscopy, and their contractile nature has been suggested (8, 17, 20, 23) .
The distribution of actin bundles in the kidney was also studied using fluorescently labeled phallotoxin (1) . A slight reaction of anti-myosin was shown at the base of a few of the tubule epithelial cells by immunocytochemistry (26) . These features seem to fulfill some of the criteria for identifying them as stress fibers. However, no previous studies have related actin bundles in the renal tubules to the stress fibers. The data so far presented are not sufficient to identify these actin bundles as stress fibers. Furthermore, the overall view of the actin bundles is lacking for their functional significance.
In the present study, we were able to show the threedimensional distribution of the basal actin bundles in renal tubules using a con focal laser microscope, and to demonstrate the presence of stress fiber-associated proteins in the actin bundles as well as their contraction upon addition of Mg-ATP.
MATERIALS AND METHODS
Isolation of renal tubular segments. Male adult rats of Wistar strain were used in the present study. Renal cortices were freshly excised and homogenized lightly in 0.25 M sucrose, 0.5mM MgCl2, 0.5mM PMSF, 50mMTris at pH7.5 using a Teflon homogenizer on ice. Tissue fragments were washed by two cycles of centrifugation and resuspension. A few drops of the suspension were mountedon glass slides coated with poly-L-lysin for microscopy. Confocal laser microscopy. Tissue fragments prepared as described above were fixed on glass slides with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS; 0.15 M NaCl, 22 mMsodium phosphate buffer, pH 7.4). Following permeabilization with 0.1% Triton X-100 in PBS (PBS-TX) for 10 minutes, samples were stained with 0.165 mg/ml FITC- were homogenized in 50% glycerol in 50 mMTris buffer (pH 7.5) containing 0.5 mMMgCl2, 1 mM2-mercaptoethanol, 0.5 mMPMSFand 5 jug/ml leupeptin, and centrifuged for 30 minutes at 3.2x l06xg. Proteins in the washed pellet were electrophoresed in 7.5% acrylamide slab gels according to Laemmli (13) . For immunoblotting the electrophoresed polypeptides were transferred onto Hybond-C (Amersham) mem- Contraction of isolated tubules. Renal tubular segments were prepared enzymatically from kidney cortices as described previously (22) . Such isolated tubules were placed in a chamber madeof polylysin-coated glass slides, coverslips and spacers, treated with 1% Triton X-100, 0.1 M KC1 in 10mM sodium phosphate buffer, pH 7.2 (19) for 10min on ice and then washed with 0.1 M KC1, 10 mMsodium phosphate buffer at pH 7.2 (contraction buffer). The contraction of the tubular segments was induced at 20°C by per fusion through the chamber of the contraction buffer containing 5 mMATPand 5 mM MgCl2, and examined under a Nikon phase-contrast inverted microscope with a 20 x objective lens.
RESULTS
Confocal microscopy of isolated proximal tubular segments. To demonstrate the whole view of basal ae- bundles at the base of the epithelial cells (Fig. lb) . To enhance the contrast of basal actin bundles, the gain and the black level of the photomultiplier were set at such a value that could removediffuse cytoplasmic signals. Tomographies of the basal part of the proximal tubule cells displayed different images of basal actin bundles at different levels of optical sectioning (Fig. la) .
Optical sections through the cell base showed that actin bundles ran at a right angle to the tubular axis. Whole views and stereo images reconstructed from the sequential optical sections enabled us to follow the entire course of individual actin bundles (Fig. 2) . They extended rather short distances in the form of straight rods with both ends tapered. The length and width of actin bundles were variable, never extending over 10 jum in length. The bundles tended to be arranged parallel to each other (Fig. 2a, b) . Occasionally two bundles were so closely aligned as to show an almost fused image. Some bundles appeared to branch, showing a Y-or Vshaped configuration (Fig. 2d) , though the possibility could not be excluded that they only represented fused images of two distinct bundles. Interestingly, two or more actin bundles often were arranged in line with or without slight fluorescence between them (Fig. 2c) .
However,such arrangements never extended the whole circumference of the tubule. Somebundles were seen to have irregular bands of fluorescent staining along their length rather than the longitudinal alignment of short bundles. Actin bundles were never distributed evenly beneath the basal surfaces of tubules, but they were more or less grouped leaving bundle-free zones. Morphometry was made only on the actin bundles which ran parallel to the focal plane. As shown in Fig. 3 , the majority of actin bundles ranged from 0.5 to 3.5 jum in length and from 0. Thin-section electron microscopy of proximal tubular segments showed that the overall structural integrity of epithelial cells including the plasmalemmaand the basement membranewas well maintained, though the dies ofactin filaments appeared to remain intact at the meromyosinS-l, actin bundles at the base of renal basal cytoplasm of epithelial cells. tubule cells were decorated so that all actin filaments Treatment with S-l. Whenslices of the renal cortex showed a typical arrowhead configuration (Fig. 6 ).
jum Polarities of actin filaments within a bundle were bidirectional. Interestingly, there were some undecorated filamentous structures found among decorated actin filaments in the bundle. Immunoblo tting for stress fiber-associated proteins.
Antibodies against myosin, a-actinin and vinculin stained the corresponding bands of ca. 200 kD, 100 kD, and 130 kD, respectively, on Western blots of proteins of glycerol-extracted kidney cortex without significant non-specific reaction (Fig. 7) .
Immunofluorescence microscopy of renal tubules.
Antibodies used gave no or weak reactions in the cryostat sections when fixed with PFA before sectioning (data not shown). Therefore we madecryosections of un fixed tissues and then fixed them weakly for better preservation of antigenicity. There was no significant difference in staining between two anti-platelet myosin antibodies, #4 and #8. They gave a reaction along the basal actin bundles in cryostat sections of the kidney cortex with a similar pattern of staining as that of phal- loidin (Fig. 8ai, a2) . No apparent banding pattern was discerned along the bundles with anti-myosins. These antibodies also stained glomeruli, Bowman'scapsules, and adherens junctions of the tubules. Smooth muscle cells of blood vessels were stained weakly with the antiplatelet myosins. The pattern of staining with anti-vinculin was discontinuous and somewhatthinner than that of phalloidin or anti-myosins (Fig. 8bi, b2 ). The staining with anti-vinculin did not prefer the ends of the bundle, but were distributed along the whole span of the bundle. This antibody did not stain the adherens junctions of the tubules. It also stained the glomerular cells and epithelial cells of Bowman's capsules, and outlined the vascular smooth muscle cells. Anti-a-actinin gave a reaction with vascular smooth muscle cells, but not with the tubular epithelial cells (data not shown).
The staining patterns of doubly stained sections were not influenced by the order of sequential incubation with antibodies and phalloidin (data not shown).
A TP-induced contraction of isolated renal tubules.
The proximal tubular segments that were enzymatically isolated, contracted upon addition of Mg-ATP as seen under a phase-contrast microscope. The tubule changed in diameter and in length. Interestingly, epithelial cells also showedchanges in appearance: the boundaries of cells and nuclei became distinct and the contrast of cellular structures increased. The rate and extent of contraction varied in different tubules, probably depending on the extent of their adhesion to the glass surface. Tubules often started to contract with some delay (-10 sec), and reached the maximumcontraction (-20%) within 120 sec when 5 mMMg-ATP was added. Fig. 9 shows a typical example of such contraction. 
DISCUSSION
The con focal laser microscopy of isolated renal tubules stained with fluorescent dye-labeled phalloidin gave a three-dimensional view of the basal actin bundles, which had not been shown by strategies employing tissue sectioning. Indeed, one can follow the entire length of each actin bundle in a three-dimensionally reconstructed image. Actin bundles were seen to run to rather short distances within the boundaries of individual cells. The bundles were not joined in an end-to-end fashion across the plasma membrane, so they never extended over the whole circumference of the tubule. Actin filaments of the basal bundles were decorated with myosin S-l to show a bi-directional arrangement, suggesting that the bundles might possess the contractile nature. Interestingly, among S-l-decorated filaments, filamentous structures were often observed, which were not decorated but showed a smooth contour. It is interesting to presume that they mayrepresent myosinfilaments. Immunofluorescencemicros- the other hand, anti-vinculin gave a thinner and discontinuous pattern of staining along the bundles, and the staining was not restricted to the ends of the bundle, suggesting that actin filaments may be anchored to the plasmalemma along the length of each bundle. Although the ultrastructural counterparts of such anchorages remain to be examined, the actin bundles are seen in thin sections to be closely associated with the plasmalemmaalong their course through the undercoat densities (10). Unfortunately, antibodies against a-actinin gave no reaction with actin bundles while it gave positive reactions with vascular smooth muscle cells. The possibility cannot be excluded, however, that there may be an isoform of a-actinin which could not be recognized by the antibodies we used. The renal tubules isolated enzymatically, contracted showing the reduction in diameter as well as in length upon addition of Mg-ATP. Mechanically isolated renal tubules showed poor or no contraction, though the cytoplasm of tubule cells showed some changes in appearance as did enzymatically isolated tubule cells (data not shown). The latter preparation retains the intact basement membrane, which mayrender the mechanical resistance to the contractile response. The present observations have demonstrated that the actin bundles in the renal tubules meet the criteria for stress fibers. Hence, these actin bundles can be listed among stress fibers in situ. Bowman's capsule, both of which contain developed actin bundles. Somepathological features of the basal actin bundles deserve attention. Biopsies of kidneys from patients suffering from acute renal failure (ARF) of ischemic type demonstrated a significant increase in the amount of basal actin bundles in the proximal as well as distal tubules during recovery (18) . Such hypertrophy of actin bundles may provide the tubules not only with an enhanced ability to modulate the intratubular pressure which maybe altered in ARF, as the authors proposed, but also with an increased reinforcement to dilatation of the tubule. As stress fibers in the renal tubules run at a right angle to the tubular axis, they maybe suited to provide resistance against the tubular dilatation. In the meanwhile, during the course of regeneration following D-serine-induced acute tubular necrosis, dense arrays of micro filaments appear along the basal plasmalemma and concurrently plasmalemmal involutions form at the cell base, suggesting the involvement of micro filaments in the differentiation of the basal labyrinth (21) . In conclusion, stress fibers in the renal tubules mayplay a primaryrole in cell adhesion to the substrate with someadditional significance in renal physiology.
